West Nile virus (WNV) can cause fatal murine and human encephalitis. The viral envelope protein interacts with host cells. A murine brain cDNA phage display library was therefore probed with WNV envelope protein, resulting in the identification of several adherent peptides. Of these, peptide 1 prevented WNV infection in vitro with a 50% inhibition concentration of 67 M and also inhibited infection of a related flavivirus, dengue virus. Peptide 9, a derivative of peptide 1, was a particularly potent inhibitor of WNV in vitro, with a 50% inhibition concentration of 2.6 M. Moreover, mice challenged with WNV that had been incubated with peptide 9 had reduced viremia and fatality compared with control animals. Peptide 9 penetrated the murine blood-brain barrier and was found in the brain parenchyma, implying that it may have antiviral activity in the central nervous system. These short peptides serve as the basis for developing new therapeutics for West Nile encephalitis and, potentially, other flaviviruses.
West Nile virus (WNV) is closely related to other flaviviruses of global importance, including dengue, yellow fever, and tick-borne encephalitis viruses, among others (7, 28) . These pathogens are typically transmitted to vertebrates by mosquitoes or ticks and are responsible for severe morbidity and mortality in both humans and animals (28) .
Since emerging in North America in 1999, WNV has rapidly spread throughout the continental United States as well as parts of Canada, Mexico, the Caribbean, and Latin America (11) . Most infections are asymptomatic and remain undetected, except by later serologic evidence of exposure to the virus (9) . Approximately 1 in 150 infected individuals, however, develops neurologic symptoms, such as meningitis, encephalitis, or flaccid paralysis (22) . The elderly and patients with compromised immune systems are particularly at risk for the more severe forms of disease (25) . The total number of human cases collectively reported in the United States from 1999 to 2005 was 19,655, with 782 fatalities (CDC [http://www.cdc.gov /ncidod/dvbid/westnile/index.htm]). Unfortunately, treatment for WNV infection currently primarily consists of supportive measures (9) .
Dengue virus imposes one of the largest social and economic burdens of any mosquito-borne pathogen (10) . More than half of the world's population inhabits areas with potential for dengue virus transmission, and there are 50 to 100 million cases of human infection yearly (20) . The spectrum of human illness ranges from asymptomatic infection to potentially fatal dengue hemorrhagic fever, which is marked by increased vascular permeability, bleeding, and circulatory failure.
Novel approaches against flaviviral infections are essential, and blocking virus attachment or entry into host cells or inhibiting viral replication are potential strategies. Enfuvirtide, a successful peptide human immunodeficiency virus (HIV) fusion inhibitor, is the prototype for the development of a new class of antivirals (26) . This viral entry inhibitor blocks structural rearrangements of viral envelope that are essential for viral infection. The flaviviruses are enveloped viruses, and their envelope (E) proteins participate in virus attachment to host cells and fusion with the host membrane (1, 8) . These interactions are required for the internalization of virus particles (14) .
Phage display technology allows for the rapid high-throughput screening of billion-clone peptide libraries and has become a useful approach to identify and improve peptide molecules as pharmaceuticals. This methodology has produced novel peptides that are in clinical trials as therapeutics for a variety of diseases (18) . Peptides that bind and neutralize Newcastle disease virus have been discovered by using phage display technology (24) . We have now screened a murine brain cDNA phage display library to identify peptides that bind to the WNV E protein and that also inhibit virus infectivity. Since WNV is neurovirulent and causes encephalitis, brain tissue cDNAs may encode a receptor(s) or ligand(s) with high affinity for WNV E proteins. Portions of these proteins may serve as peptide-based drugs or lead to the development of small-molecule antiviral agents.
essential medium Eagle (ATCC, Manassas, VA) supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum. Seven-week-old female BALB/c mice were purchased from the Jackson Laboratory (Bar Harbor, ME). In the murine experiments, 1,000 PFU of WNV was preincubated with 1 mM of peptides and 1 mM of dithiothreitol for 1 h at room temperature. The virus-peptide mixture was administered to the mice by intraperitoneal (i.p.) injection.
Phage display library screening. An M13 phage library displaying protein and peptides expressed from mouse brain cDNAs was purchased from Spring Bioscience (Fremont, CA). The phages were first exposed to a plate coated with highly purified recombinant WNV E protein (19) . Unbound phages were washed away. Specifically bound phages were eluted, amplified, and subjected to a second round of screening against recombinant WNV E protein. After three to four rounds of screening, phages were selected that showed significant binding to recombinant WNV E protein by an indirect enzyme-linked immunosorbent assay. The amino acid sequences of the peptides presented by bound phages were revealed by sequence analyses of phage DNA. The peptide amino acid sequences were aligned using the ClustalW alignment algorithm and searched for database homologies using BLAST. Peptides representing sequences isolated from multiple isolates of bound phage were chemically synthesized by the Yale University Keck Biotechnology Resource Laboratory or by the Tufts University Core Facility.
Q-PCR and plaque formation assay. WNV-specific RNA was quantified using a quantitative PCR (Q-PCR) as we previously reported (4) . Dengue virus gene Q-PCR primers and probe were designed according to a previous study (3) . Viral copy number was expressed as a ratio to cellular ␤-actin cDNA copies measured by Q-PCR. The plaque formation assay and plaque reduction neutralization test (PRNT) protocols were carried out as previously described (4) .
In vitro binding assay. For preincubation experiments, WNV was incubated with serially diluted peptides for 1 h at room temperature. The virus and peptide mixture was added to cell cultures for 1 h at 4°C. The cells were washed three times with 4°C phosphate-buffered saline (PBS) and then processed for total RNA extraction and Q-PCR. In a postattachment infection assay, virus was allowed to attach to cells for 1 h at 4°C. The unattached virus was then washed away with 4°C PBS three times. Serial diluted peptides were then added into fresh cell medium, and cells were returned to an incubator for 24 h and evaluated by Q-PCR for infection.
Cytotoxicity assay. Peptides P1 and P9 (from 1 to 500 M final concentration) were incubated with Vero cells for 24, 48, and 72 h. Cytotoxicity was determined by a fluorescent assay that measures lactate dehydrogenase (LDH) release from cells with compromised membranes (Cytotox-One homogenous membrane integrity kit; Promega, Madison, WI).
SPR analysis. Peptide-WNV E protein interactions were studied using a biosensor surface plasmon resonance (SPR) assay as described elsewhere (27) using a BIAcore 2000. Recombinant WNV E protein was biotinylated using a sulfo-NHS-biotinylation kit (Pierce, Rockford, IL) and then immobilized on SA sensor chips (BIAcore, Piscataway, NJ) using the immobilization protocol provided by the manufacturer. Data were analyzed and fitted using the BIAevaluation 3.0 software package.
Immunofluorescence microscopy. Naïve mice were administered biotin-conjugated antiviral peptide P9 via an i.p. route of administration. At various time points after peptide administration, mice were sacrificed under isofluorane anesthesia and transcardially perfused with 60 ml of ice-cold PBS. Brains and spleens were rapidly isolated and immersion fixed in 4% paraformaldehyde overnight at 4°C. The following day, tissues were cryoprotected in 10% (wt/vol) sucrose in PBS, followed by 20% and then 30% sucrose in PBS, with each incubation step for 24 h at 4°C. Thereafter, tissues were frozen on dry ice in optimal cutting temperature compound (Tissue-Tek, Japan) and cryosectioned using a freezing microtome (Leica model CM1850). Four 10-m sections, spaced 50 m apart, were cut from each organ. Tissue sections were air dried, a PAP pen was applied, and sections were preblocked for 30 min at ambient temperature in serum-free protein block (DAKO Cytomation, Carpintera, CA). An antibody directed against biotin was then applied (1:200 in serum-free protein block; Vector Laboratories, Burlingame, CA) for 30 min at ambient temperature. Tissue sections were then rinsed three times for 5 min each in PBS in a Coplin jar. Thereafter, tyramide signal amplification was performed according to the manufacturer's instructions (Perkin-Elmer, Wellesley, MA). Sections were rinsed an additional three times for 5 min each and incubated with an antibody against streptavidin conjugated with AlexaFluor 568 (1:200 in serum-free protein block; Invitrogen, Carlsbad, CA). Following a final three rinses in PBS, sections were air dried and mounted in fluorescence mounting medium containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI) nuclear counterstain (ProLong Gold; Invitrogen).
For analysis of WNV infection after i.p. injection of WNV preincubated with P9 or control (noninhibition) P2, mice were sacrificed and perfused as described above, and tissue handling was performed as above. Tissue sections were incubated overnight at 4°C with a mouse ascites fluid antibody directed against the WNV E protein (1:200 in serum-free protein block, obtained from J. F. A. Anderson's laboratory, CT Agricultural Experiment Station) and a polyclonal antibody against the neuron marker, microtubule-associated protein 2 (1:500; Chemicon, Temicula, CA). The following day, sections were rinsed three times for 5 min each in PBS at ambient temperature in a Coplin jar. Sections were then incubated with secondary antibodies against mouse immunoglobulin G conjugated with AlexaFluor 568 or against rabbit immunoglobulins conjugated with AlexaFluor 488 (1:200 in serum-free protein block; Invitrogen). Following a final three rinses in PBS, sections were air dried and mounted in fluorescence mounting medium containing DAPI (ProLong Gold; Invitrogen). All tissue sections were observed under dark field in independent fluorescence channels using an Olympus BX-61 automated microscope (Japan) with an attached QImaging QICAM charge-coupled device (CCD) camera (Canada).
Statistical analysis. All statistical analyses were performed using GraphPad Prism (version 4.0; GraphPad Software).
RESULTS
Identification of peptides that bind the WNV E protein by using a murine brain cDNA phage display library. WNV can infect many vertebrates, including humans, horses, and mice. The murine model of WNV encephalitis partially mimics severe human infection, as the virus penetrates the blood-brain barrier and causes death within several weeks. We therefore used a murine brain cDNA phage display library to identify peptides that bound recombinant WNV E protein. Phages were amplified and enriched in four rounds of screening and then eluted. DNAs of 177 phages that showed significant binding to the E protein in an indirect enzyme-linked immunosorbent assay were sequenced. Significant homologies with putative receptor proteins were not identified based on the ClustalW alignment algorithm and BLAST. Many of the phages, however, displayed similar 19-to 94-amino-acid sequences encoded by the cDNAs. The three most frequently encountered peptide (P) sequences, P1, P2, and P3 (Table 1) , were chemically synthesized and examined for antiviral activity.
Peptide inhibition of WNV infectivity in vitro. The ability of synthetic peptides to inhibit WNV was determined by reverse transcription-Q-PCR. P1, P2, and P3 were incubated with virus at a concentration of 1 mM at room temperature for 1 h. One hundred l of the virus (multiplicity of infection, 0.2) and peptide mixture was then added to 900 l of cell medium prior to adding to African green monkey kidney (Vero) cells and incubated for selected intervals. Q-PCR demonstrated that P1 significantly reduced the WNV load (P Ͻ 0.03) at 24 h, while P2 and P3 did not show significant inhibition (P Ͼ 0.05) (Fig. 1a) . At 48 h, the viral RNA levels increased in all cultures (Fig. 1b) .
P1 is hydrophobic and was solubilized in Dulbecco's PBS with 2% dimethyl sulfoxide (DMSO). To determine whether DMSO influenced the experimental results, WNV and P1, or the same concentration of DMSO vehicle, were preincubated for 1 h at room temperature and then added to cells and examined at 24 h by both Q-PCR and a PRNT. Q-PCR and PRNT showed that P1 significantly inhibited WNV infectivity (P Ͻ 0.05) at a concentration of 1 mM (Fig. 1c and d) . DMSO did not show any inhibition (P Ͼ 0.05) compared with the PBS control ( Fig. 1c and d) . These data indicate that P1 inhibits WNV infectivity in vitro.
Thirteen additional peptides, P4 to P16, with amino acid insertions, deletions, or substitutions based on P1, were then synthesized to delineate the residues that are critical for antiviral activity. Several peptides, P8, P9, P10, and P11, significantly reduced viral RNA levels in the host cells as measured by Q-PCR, with P9 exhibiting the greatest degree of inhibition (96.3 Ϯ 2.8%; P Ͻ 0.001) at 100 M (Fig. 2a) . As P9 was the most potent inhibitor, we determined whether P9 influenced WNV infectivity by blocking virus entry, replication, or viral release. The viral RNA levels in host cells were measured by Q-PCR (Fig. 2b) , and a plaque formation assay was used to determine WNV titers in culture medium (Fig. 2c) . The plaque formation assay was consistent with the Q-PCR data, indicating that P9 may interfere with viral entry or replication, rather than block the release of virus particles from host cells. Q-PCR assays were, therefore, performed to test this hypothesis. Serially diluted P9 was preincubated with WNV at room temperature. Virus binding to cells and washing with PBS were performed at 4°C. The amount of viruses that bound to the cell surface was evaluated by using Q-PCR. The results demonstrated that P9 reduced 96.3 Ϯ 2.7% and 65.2 Ϯ 14.5% of WNV attachment and entry to Vero cells at 1 mM and 100 M (h) P9 did not inhibit WNV in C6/36 cells in the plaque formation assay (P ϭ 0.96). All the experiments were repeated at least twice, and all the measurements were made in triplicate, with the mean Ϯ standard deviation shown. Data were analyzed by one-way analysis of variance followed by Tukey's test. (Fig. 2e, f, g, and h ), suggesting that the mechanism of attachment and entry for WNV in mammalians and in the arthropod vector may differ. It cannot be excluded, however, that during preincubation the binding of P9 to WNV induces conformation changes in the E protein that may specifically interfere with the attachment to certain cell lines.
To determine the 50% inhibitory concentrations (IC 50 ) of P1 and P9 against WNV, dose-response curves were performed using serially diluted peptides in PRNT experiments. P1 showed a maximum inhibitory activity against WNV of 86.7 Ϯ 4.9% at 1 mM, with an IC 50 of 67.0 Ϯ 0.1 M (Fig. 3a) . P9 demonstrated 100% inhibition at 100 M, and the IC 50 was 2.60 Ϯ 0.01 M (Fig. 3a) .
Since flavivirus E proteins have a significant amount of homology, we tested whether selected peptides inhibited the infectivity of dengue virus. Dengue virus serotype 2 was chosen because it is widespread and results in significant human morbidity and mortality. We preincubated peptides with dengue virus (multiplicity of infection, 0.3) for 1 h at room temperature and performed studies in an identical fashion as with WNV. Experimental results showed that 200 M of P1 significantly inhibited dengue virus infection of Vero cells (99.3 Ϯ 0.7%) at 24 h (Fig. 3b) . Peptides P9 and P16, which were derived from P1, were not active against dengue virus.
Specificity of peptide inhibitory activity. To address whether the peptides were cytotoxic and thereby nonspecifically inhibited flavivirus entry or replication, Vero cells were exposed to from 1 M to 500 M of P1 or P9 for 24, 48, and 72 h. Cytotoxicity was measured by monitoring the release of LDH. The LDH levels of untreated and peptide-treated cells were not statistically different at any time points examined (data not shown). Results of the 72-h time point are shown in Fig. 3c , and these data demonstrate that the peptides are not cytotoxic.
P1 had an IC 50 of 67.0 M against WNV (Fig. 3a) and also inhibited dengue virus replication (99.3 Ϯ 0.7%) at a concentration of 200 M (Fig. 3b) . The insertion, however, of a glutamate into the P1 sequence (P16) eliminated the inhibitory effect against dengue virus (Fig. 3b) . On the other hand, P9 was effective at inhibiting WNV but was relatively ineffective at blocking dengue virus infectivity. These results suggest that the activity of P1 against dengue virus is highly dependent on the peptide sequence. To rule out the possibility that P9 inhibited WNV in a nonspecific manner, a scrambled peptide was tested for its ability to modulate viral infectivity. This peptide has the same amino acid residues as P9 but a randomly altered sequence, AHTCADILVLCLN. PRNT experiments demonstrated that the scrambled P9 did not significantly inhibit WNV infection compared with P9 (Fig. 3d) . These results further support the notion that P1 and P9 inhibited virus infectivity in a sequence-specific manner.
P9 has two cysteine residues that could form disulfide bonds in solution. We tested whether cyclic P9, in which the two cysteines form a disulfide bond, inhibited WNV. Cyclic P9 inhibited WNV plaque formation only in concentrations higher than 100 M, whereas linear P9, in which the two cysteines are free, was able to inhibit WNV in concentrations as low as 1 M (Fig. 3e) .
Inhibitory peptides bind to WNV E protein. Since phages were screened for binding to E protein, we determined whether the chemically synthesized peptides bound to recombinant WNV E protein by using SPR. SPR experiments showed that P9 bound to E protein with a K d of 6 M (Fig. 3f  and g ). Noninhibitory peptide P2 and scrambled P9 did not bind to the E protein (data of the scrambled P9 are not shown). Cyclized P9 did not bind to E protein unless 1 mM dithiothreitol, which reduces disulfide bonds, was present in the peptide solution (data not shown).
Peptide inhibition of WNV infection in vivo. As the peptides were not cytotoxic and significantly inhibited WNV in vitro, we next determined whether select peptides could protect mice from a lethal dose of WNV. WNV-infected mice develop viremia that peaks after several days. We therefore challenged mice with WNV and peptide and evaluated the viral load in the blood at 3 days. Q-PCR showed that P9 significantly reduced the viremia compared with a noninhibitory peptide, P2 (Fig.  4a) . WNV then enters the murine brain at about day 4 to 5, and animals begin to die at about 1 week. In selected experiments, we randomly sacrificed half the number of mice at day 6 to collect brains for histological analysis. Indirect immunofluorescence assays showed that the P9-treated group had little or no evidence of virus in the cerebral cortex and striatum, where WNV was detected in P2-treated mice (Fig. 4b) . Similar results were observed in other brain regions, including the olfactory bulb, hippocampal formation, cerebellum, and brainstem (data not shown), brain areas in which we previously detected WNV (29) . The remaining mice were observed for 3 weeks. Eighty percent of mice administered P9-treated virus survived, compared with 10% of mice that received control peptide-treated virus (P Ͻ 0.005) (Fig. 4c) . These data suggest that preincubation of WNV with P9 protected mice from death. We also tested whether P9 could protect mice after WNV infection. The same dose of P9 used for preincubation was i.p. injected 3 h after challenge with WNV. Results showed that P9 failed to protect mice from viral infection in this experiment (P Ͼ 0.05) (data not shown).
To monitor the distribution of the peptide, naïve mice were administered two 100-l doses of 1 mM biotin-labeled P9 at 0 and 6 h. Spleens and brains were collected after perfusion at 0, 6, 12, 24, 48, and 72 h. Biotin-conjugated peptide in the tissues was detected using an enzymatic tyramide signal amplification method. In the brain, the biotin-conjugated peptide was identified as early as 6 h postinjection; at this time point it was concentrated in cerebral vessels. A relocalization of biotinconjugated peptide was evident at later time points, where a punctuate pattern of staining was evident in brain parenchyma and little or no cerebral vascular signal was observed. The peak of signal intensity was noted at 12 h in the cerebellum and the cerebral cortex (Fig. 4d) . The signal was still present at 24, 48, and 72 h (Fig. 4d and data not shown) . A similar staining pattern was noted in all of the brain regions surveyed, includ- ing the olfactory bulb, hippocampal formation, cerebellum, and brainstem (data not shown). In the spleen, peptide was detected as early as 6 h postinjection, when the signal peaked (Fig. 4e) . The signal remained detectable at 24 h and mostly disappeared at 72 h, suggesting that peripheral clearance of the peptide had ensued by this time point.
DISCUSSION
WNV has become a significant public health concern in North America, and effective therapies are lacking. Identifying novel compounds with antiflavivirus activity may, therefore, lead to new prevention or treatment strategies. In this study, Two hundred l of 1 mM biotin-labeled P9 was injected via the i.p. route of administration. Mice were sacrificed at various time points postinjection, and brain and spleen tissues were collected after perfusion. Biotin-labeled P9 was detected using an enzymatic tyramide signal amplification method. Biotin-labeled P9 was detected in the cerebellum (cblm) and in the cerebral cortex (ctx). At 6 h, most of the signal was associated with cerebral blood vessels, but thereafter signal relocalized into the brain parenchyma. (e) Biotin-labeled P9 was detected in the spleen as early as 6 h postinjection and declined in intensity thereafter. (1, 8) . Virions first attach to the cell surface and then enter the cell by receptor-mediated endocytosis. Acidification of the endosomal vesicle triggers conformational changes in the virion, fusion of the virus and cell membranes, particle disassembly, and release of the viral genome into the cytoplasm (14, 17, 23) . The inhibitory peptides had weak to moderate affinity with the target E protein in SPR studies: as an example, the K d of P9 binding to the WNV E protein was 6 M, while noninhibitory peptides showed no affinity for the E protein. This suggests that the peptides' inhibitory effects depend on their capacity to bind the target E protein. In vitro experiments also provided direct evidence that P9 blocked virus attachment (Fig. 2b, c, and d) but not viral RNA replication or the release of progeny virions from the host cells.
Previous studies have developed rationally designed antiviral peptides based on viral envelope protein sequences. Enfuvirtide, a 36-amino-acid peptide based on the stem region of the HIV gp41, which is a viral envelope protein that mediates fusion with host cells, provides significant clinical anti-HIV activity (26) . Advantages of enfuvirtide are clinical responses in patients who have failed other anti-HIV therapies and that the inhibitor is generally well tolerated. Disadvantages include a twice-daily subcutaneous route of administration and a relatively high cost. Small molecules with a similar mode of action are being developed and are expected to overcome some of the limitations of enfuvirtide peptide therapy (15) . In a recent study, investigators designed several peptide inhibitors of dengue virus infectivity by targeting the viral E protein based on its structure (13) . Viral inhibition assays suggested that some of these peptides inhibit dengue virus infectivity in cell cultures with an IC 50 in the 10 M range, and one of them crossinhibits WNV infection in Vero cells (13) . Of the WNV inhibitory peptides that were identified in the current study, P9, inhibited WNV infection with an IC 50 of about 2.6 M, and P1 cross-inhibited dengue virus infection. Inhibitory activity (Vero and Neuro-2a Ͼ HeLa Ͼ C6/36) suggests host cell specificity in antiviral activity. We therefore performed animal experiments to determine if P9 could reduce WNV infection in a vertebrate animal model. Moreover, the incubation of an otherwise fatal dose of WNV with P9 could protect animals from lethality by reducing WNV viremia and viral load in the brain. The peptide may block viral attachment in the periphery and subsequently reduce viremia, thereby enabling the murine immune system to clear the virus. It is noteworthy that peptide-based therapeutics are generally unable to penetrate the blood-brain barrier due to their size and hydrophilicity (5) . Interestingly, we found that biotin-labeled P9 was able to penetrate the mouse blood-brain barrier and could be detected in the brain parenchyma. Although the transport mechanism for this 1.4-kDa hydrophobic peptide is not clear, this observation suggests that short peptide drugs could potentially treat WNV encephalitis.
There are several possibilities for why P9 was not effective when given to mice after WNV infection was established. P9 binds WNV E protein and interferes with virus attachment in a concentration-dependent manner. The peptide, however, may have failed to block the viral progeny, for P9 was significantly diluted in mice after the virus challenge. Second, efficacy of peptide therapeutics can be limited by fast renal clearance or degradation caused by enzymes occurring in the blood, liver, and kidney (30) . Peptides and proteins often display half-lives in the range of a few minutes to a few hours (30) . P9, however, reached brain blood vessels and was distributed in brain tissue 12 h later. Inhibitory effects of P9 and P1 could be potentially improved by modifying the amino acid residue composition by using computational modeling analysis. In addition, previous successful strategies will be tested to improve peptide plasma half-life without decreasing inhibition, e.g., modification of N and C terminus, head, and tail cyclization (21) or using sustained delivery systems (6, 12, 16) .
In conclusion, noncytotoxic inhibitory peptides that inhibit WNV and dengue virus infections have been identified. Moreover, P9 could penetrate the mouse blood-brain barrier and increase survival in lethal WNV challenges after preincubation with virus. With some modifications, these inhibitory peptides may serve as peptide-based drugs or represent lead compounds for high-throughput screening assays to identify novel antiviral chemical compounds against WNV and other flaviviruses.
